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INTRODUCTION 


This  document  is  .1  summary  report  on  the  initial  development  ot  a 
solar-powered  sun  tracker.  Although  no  working  model  has  been  produced 
to  date,  this  report  presents  a  concept  that  is  believed  capable  of 
being  used  as  the  basis  for  an  inexpensive,  reliable,  accurate,  and 
energy-et f icient  tracking  system.  This  document  outlines  some  of  the 
simplified  approaches  for  designing  this  sun  tracker  and  describes  its 
working  principles. 

Sun  tracking  systems  capable  of  accurately  repositioning  sun  tracking 
equipment  (stub  as  concentrating  solar  collectors)  are  needed  to  power 
solar  refrigerators,  air  conditioners,  and  cooking  systems  requiring 
fluids  with  temperatures  111  excess  of  200°K.  Flat-plate  collectors 
commonly  used  for  space  heating  and  domestic  hot  water  are  not  currently 
capable  of  economically  producing  temperatures  this  high.  As  a  result, 
concentrating  collectors  are  needed;  however,  one  disadvantage  of  these 
devices  is  the  necessity  of  accurately  maintaining  the  reflective  surface 
perpendicular  to  the  incident  radiation.  Ot  equal  importance  is  the 
need  for  tracking  systems  to  drive  the  large  quantity  of  individual 
flat-plate  solar  reflectors  necessary  to  power  the  large  electrical 
solar  generator  plants. 

BACKGROUND 

Current  tracking  systems  employ  one  of  three  basic  techniques  for 
repos  it ioning: 

ll)  Computerized  position  control,  repositioning  the  reflector 
as  a  function  of  time  by  using  previously  recorded  solar 
angular  positions  as  reference  for  a  two-axis  system  or  .1 
24-hour  clock  mechanism  for  a  single-axis  system 

1.2)  Solar  cell  with  electrical  feedback  for  position  control 

(.1)  Fluid  mechanical  or  bimetallic  solar-heat-powered  position 
cont  rol 

Computerized  control  requires  a  very  accurate  electrical  feedback 
system  located  at  the  reflector  to  ensure  that  repositioning  is  precise. 
This  type  of  equipment  is  delicate  and,  as  a  result,  is  difficult  to 
maintain  in  an  outdoor  environment.  Additionally,  direct  mechanical 
drives,  such  as  worm  gear  actuators,  are  required  to  handle  high  wind 
loads.  Consequently,  viscous  damping  systems  often  used  for  retarding 
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rap i it  position  movements  are  not  applicable  because  direct-drive  mechanisms 
do  not  permit  any  displacement.  Similar  logic  would  also  apply  to  clock 
mechanisms.  Solar  cell  systems  could  use  a  spring  damper  linkage  m  the 
actuator  control  because  the  feedback  control  need  not  be  directly 
attached  to  the  frame,  but  the  electrical  equipment  would  be  just  as 
difficult  to  maintain  in  the  outdoor  environment  as  the  computerized 
system  and  clock  mechanism. 

Solar-heat -powered  control  systems  do  not  require  any  electrical 
power  input  to  operate.  Such  devices  are  expected  to  be  trouble  free 
and  easy  to  maintain  because  the  hardware  is  simple  and  all  mechanical. 
Kssent lally,  the  sensor  acts  as  a  shade-seeking  device  in  that  the 
mechanism  seeks  a  position  where  the  sensor,  when  partially  shaded, 
balances  its  driving  forces  actuated  by  either  fluid  pressure  or  bimetal¬ 
lic  expansion.  To  date,  only  one  known  solar-powered  tracking  device 
has  been  tested.  This  device,  developed  by  E.  A.  Father  et  al.  at  the 
University  of  Florida,  proved  to  be  workable  iKet  11.  However,  tests 
demonstrated  that  the  system  was  only  accurate  to  within  an  average 
deviation  of  4.8o  degrees,  which  is  not  accurate  enough  to  generate  the 
high-temperature  fluids  necessary  for  a  trough-type  solar  collector. 

The  device  also  responds  slowly  to  the  morning  sun. 

The  Father  system  utilizes  two  sensor  bulbs  connected  to  power 
cylinders  configured  to  oppose  each  other  through  a  rack-and-pinion  gear 
arrangement ,  as  shown  in  Figure  l.  Pressure  differentials,  created  by 
unequal  shading  of  the  sensor  bulbs,  drive  the  cylinders,  which  rotate 
the  parabolic  trough  into  a  position  normal  to  the  sun's  rays. 

Refrigerant  12  was  used  for  the  bulb  working  fluid.  Figure  2  shows  an 
end  view  ot  the  Farber  tracking  system.  Included  in  t  lie  figure  is  a 
derivation  for  the  differential  solar  energy  input  created  by  the  unequal 
shading.  It  is  important  to  note  that  the  repositioning  solar  energy  is 
a  sinusoidal  function  ot  the  angle  between  the  solar  incident  rays  and 
the  axis  of  t  tie  trough's  concave  reflector.  For  a  trough  solar  collector 
to  work  properly,  its  reflected  solar  rays  must  focus  to  a  focus  line 
that  lies  directly  on  t lie  collector  tube  used  for  heating  the  high- 
temperature  fluid.  It  the  solar  incident  rays  are  angled  slightly 
relative  to  the  reflector's  axis  by  an  angle  0,  the  focus  line  will  be 
positioned  at  a  distance  of  (f)  sin  0  away  from  the  centerline  ot  t  tie 
collector  tube.*  For  example,  a  parabolic  trough  having  a  width  ot 
S  feet  could  be  expected  to  have  a  focal  length  of  2  feet  and  a  collector 
tube  l  inch  in  diameter.  Such  a  collector  could  not  tolerate  a  position 
angle  error  of  more  than  1.2  degrees;  otherwise  the  collector  tube  would 
be  placed  outside  the  focus  line.  As  a  result,  a  position  accuracy 
requirement  of  1  degree  is  not  unrealistic  for  a  trough- type  collector. 

The  heat -ba lance  equation  used  to  predict  how  much  work  is  available 
to  rotate  the  Farber  reflector  is: 


'•The  term  f  is  t  he  focal  length  of  the  trough's  reflector. 


work  available  to  rotate  device,  ft-lb  (Nm) 

mechanical  equivalent  of  heat  778  ft-lb/Btu 
11  Nm/ joule) 

differential  solar  energy  input  to  the  sensor 
tubes,  Btu  (joule) 

specific  heat  of  the  cylinders  and  piston  material, 
Btu/ lb-°F  (joule/kg  °K) 

weight  of  the  cylinders  and  pistons  in  contact  with 
the  working  fluid,  lb  (kg) 

average  change  of  temperature  of  the  complete 
system  including  sensor  tube,  cylinders,  pistons, 
and  working  fluid,  °F  (°C) 

specific  heat  of  sensor  tube  material,  Btu/lb-°K 
(joule/kg  °K) 

weight  of  sensor  tubes,  lb  (kg) 

change  in  enthalpy  of  working  fluid,  Btu/lb  (joule/kg) 

weight  of  working  fluid,  lb  (kg) 

heat  of  vaporization  of  the  working  fluid,  Btu/lb 
(joule/kg) 

weight  of  working  fluid  evaporated,  lb  (kg) 

change  of  enthalpy  of  working  fluid  in  gas  phase, 
Btu/lb  (joule/kg) 

weight  of  working  fluid  in  gas  phase,  lb  (kg) 

system's  average  heat-loss  convection  coefficient, 
Btu/hr-sq  ft-°F  (watts/sq  m  °K) 

system’s  equivalent  exposure  area  to  heat  loss,  sq  ft 
(sq  m) 

time  period  of  analysis,  hr 


Equa t i on  1  may  be  s i mp 1 i f i ed  t  o 


where  Qj  ^  =  energy  lost  through  convection,  Btu  (joules) 

C  W  AT  =  equivalent  heat  absorbed  into  the  system,  Btu  (joules) 

It'  the  trough  collector  is  balanced  and  the  differential  solar  energy 
input  derived  in  Figure  2  is  substituted  for  Q,  Equation  2  becomes: 

-7-  (W  ♦  T  fl)  =  2  e  0  L  Ft (T  4  -  T  4)  sin  0 

J  M  s  b 

-  (Q.  +  C  V  AT) 

Moss  p 

where  T  is  the  resisting  frictional  torque  of  the  trough  and  p  is 
the  required  angle  the  trough  must  rotate  in  the  At  time  period  to 
the  sun’s  movement.  The  emissivity  t  is  a  function  of  the  surface 
material,  and  o  is  the  Stefan-Bol t zmann  universal  constant  for  black-body 
radiat ion . 

Equation  3  was  derived  to  illustrate  the  performance  of  the  Farber 
tracking  system  for  the  reader,  who  can  then  better  comprehend  how 
various  improvements  might  affect  the  system.  For  example,  if  an  accuracy 
of  1  degree  is  required,  the  sinusoidal  function  ranges  between  0  for 
perfect  alignment  to  only  0.017  for  an  error  of  1  degree.  The  solar 
energy  available  to  rotate  the  trough  would  greatly  increase  if  the 
sinusoidal  function  was  replaced  by  a  larger  gain  factor  of  higher 
sensitivity.  Unfortunately,  the  Farber  tracker  design  is  configured  so 
that  if  the  solar  sensor  tubes  are  increased  in  length  and  radius  to 
improve  the  input  energy  sensitivity,  the  additional  mass  of  the  tubes 
would  require  more  energy  to  heat  the  system  for  the  same  AT.  Conse¬ 
quently,  little  would  probably  be  gained  by  increasing  the  sensor  surface 
areas . 


(3) 

t  rack 


DISCUSSION 

A  schematic  of  the  proposed  solar  tracking  concept  is  shown  in 
Figures  3  and  4.  The  drive  mechanism  consists  of  a  four-bar  linkage 
powered  by  two  expansion  bellows,  which  are  encased  in  cylinders  to 
reduce  convection  heat  transfer  and  to  eliminate  buckling.  The  bellows 
facing  east  is  used  to  compensate  the  environmental  temperature  effects. 
The  west-facing  bellows  is  plumbed  into  the  sensor  so  that  the  vapor 
pressure  increases  derived  from  the  sensor  temperature  rise  will  rotate 
the  parabolic  trough  westward.  This  system  does  not  include  gears  or 
high-friction  sliding  devices  such  as  those  found  in  rack-and-pinion 
drive  and  cylindrical  actuators.  The  bellows’  fluid-drive  system  is 
completely  enclosed  to  protect  the  working  fluid  from  contamination  and 
loss.  The  bellows  spring  forces  -  plus  the  nighttime  cooling  of  the 
sensor  bulb  -  will  reposition  the  trough  to  face  east  in  the  morning. 
Consequently,  this  tracking  system  should  have  a  good  morning  response 
because  little  sunlight  energy  is  required  for  early  repositioning. 

Like  the  Farber  device,  only  small  displacements  are  required  to  follow 


the  sun's  movement  (i.e.,  1  degree  every  4  minutes).  It  is  important  to 
note  that  the  proposed  system  uses  only  one  rotational  sensor  heating 
element  to  drive  the  system  in  one  direction  against  a  spring  force. 

This  approach  is  recommended  to  improve  the  morning  response  and  reduce 
the  cost  of  the  sensor.  However,  two  paral lel-plate-type  sensors  could 
be  just  as  easily  used  to  pressurize  the  drives  for  both  bellows  similar 
to  the  Farber  system.  The  resulting  system  should  prove  to  be  more 
accurate  because  the  parallel-plate  system  has  a  larger  solar  gain  at 
the  small  error  angles. 

Although  the  one  experimental  model  fabricated  to  date  did  not 
work,  high  accuracy  is  still  expected  with  a  developed,  paral lei -plate , 
solar  filter  system.  In  addition  to  the  high  rotational  friction  torque 
inherent  with  the  Farber  system,  the  three  main  causes  for  its  inaccuracy 
are  attributed  to  (1)  the  small  solar  gain  factor,  sin  0;  (2)  the  large 
thermal  mass  of  the  working  fluid  system;  and  (3)  its  large  exposed 
external  convection  area. 

Figures  4  and  5  illustrate  two  concepts  for  improving  the  sensor 
elements.  The  parallel-plate  type  shown  in  Figure  4  has  the  advantage 
of  high  accuracy  control  over  the  solar  incident  energy  input  as  a 
function  of  error  angle.  The  plates  may  easily  be  dimensioned  to  acquire 
a  large  variation  of  Q  input  for  small  solar-angle  changes.  The  disad¬ 
vantage  of  the  para  1 le 1 -pi ate  scheme  is  that  for  cases  where  clouds 
(which  tend  to  position  the  tracker  behind  the  angle  of  the  sun)  are 
encountered,  the  solar  energy  input  to  the  sensor  bulb  via  the  solar 
reflector  (positioned  below)  is  limited.  It  could  require  excessive 
time  to  heat  the  bulb  enough  for  the  trough  to  catch  up.  The  alternative 
concept  shown  in  Figure  5,  however,  proposes  a  type  that  should  be  able 
to  reposition  the  trough  quickly  and  properly  when  the  sun  comes  out 
from  behind  clouds.  Point  A  of  Figure  5  is  the  sensor  tube,  and  attached 
to  it  is  a  thin  fin  which  extends  to  point  B.  The  tube  and  fin  lie  in 
the  focal  plane  of  the  fresnel  lens  so  that,  for  solar  angles  equal  to 
or  greater"'  than  that  at  which  the  solar  incident  is  parallel  to  the 
trough  reflector  axis,  concentrated  solar  energy  impinges  the  sensor 
bulb  or  fin.  Figure  6  illustrates  what  is  believed  to  be  the  relationship 
of  the  differential  solar  energy  inputs  available  to  drive  the  parabolic 
trough  reflector  as  a  function  of  the  error  angle  between  the  solar 
incident  rays  and  the  trough  reflector  axis  for  the  Farber  unequal 
shading  sensor  and  the  two  tracking  types  presented  in  this  report.  The 
dip  in  the  curve  of  the  para  1  lei -plate  sensor  for  positive  angles  of  0 
is  due  to  the  change  in  the  sensor's  source  of  solar  energy.  The  rapid 
fall  is  caused  by  the  increased  shading  of  the  parallel  plates;  and  the 
gradual  rise  is  caused  by  the  increasing  reflective  energy  from  the 
curved  concentrating  reflector  positioned  below  the  sensor  bulb.  The 
low  point  position  is  a  function  of  the  width  of  the  sensor's  reflector 
shade  (see  Figure  4).  The  gradual  temperature  decrease  of  the  fresr.el 
lens  sensor  for  positive  angles  0  is  due  to  the  convective  heat  loss  of 
the  fin.  The  large  decrease  is  due  to  large  solar-angle  errors  where 
the  rays  are  focused  beyond  the  fin  end  point  (i.e.,  point  B). 


"For  angles  no  larger  than  those  in  which  the  rays  are  focused  at  the 
end  of  the  fin  at  point  B. 
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Another  advantage  of  the  two  concepts  presented  here  over  the 
Farber  tracker  system  is  that  the  latter  system's  thermal  mass  (which 
includes  the  working  fluid,  sensor  bulb,  and  actuators)  can  be  greatly 
reduced  because  concentrating  lenses  are  used  in  the  sensors.  As  a 
result,  if  more  input  solar  energy  is  required,  the  lenses  can  simply  he 
increased  in  size  without  increasing  the  sensor  bulb  mass.  The  bellows 
actuators  can  also  be  lightweight.  Also,  because  the  sensor  bulbs  are 
small,  they  can  easily  be  insulated  inside  glass  tubes  so  that  wind 
effects  are  held  to  a  minimum,  which  also  decreases  the  convection 
losses . 

Experimental  Model 

The  pa ral lei -plate  sensor  model  fabricated  for  experimentation  is 
shown  in  Figure  7.  Figure  8  shows  the  same  model  with  the  bellows  sun 
cover  removed.  Figures  9  and  10  are  additional  views  of  the  model.  The 
model  was  designed,  fabricated,  and  assembled  on  a  very  limited  budget; 
consequently,  many  of  the  des  i  red  •component'  C'onfigiirat  ions  included  in 
the  schematic  shown  in  Figures  3  and  4  (including  the  bellows  environmental 
compensator)  were  omitted. 

It  was  originally  believed  that  the  small  temperature  difference 
between  the  bellows  and  vapor  inside  would  not  significantly  affect  the 
system's  operation.  The  vapor-to-bel lows  wall  heat  transfer  process  is 
convective,  and  the  temperature  difference  was  assumed  to  be  negative 
with  the  vapor  having  a  higher  temperature  than  the  bellows  wall.  Tests 
later  proved  this  was  not  the  case. 

During  tests  in  the  morning  sun,  the  sensor  would  follow  the  sun 
for  approximately  30  minutes  and  then  accelerate  until  the  maximum 
rotational  displacement  was  reached  in  about  45  additional  minutes.  The 
sensor’s  solar  input  area  was  then  partially  covered  for  the  next  day  to 
reduce  the  heat  input.  The  only  difference  observed  on  the  following 
day,  however,  was  that,  after  preliminary  heating  with  the  sensor  at  the 
proper  tracking  position,  more  time  was  required  to  rotate  the  sensor 
completely.  In  fact,  with  the  sensor  totally  covered,  the  system  would 
completely  rotate  the  sensor  through  its  100-degree  tracking  angle 
displacement  by  noon,  solar  time. 

The  environmental  air  temperature  change  was  believed  to  be  the 
primary  driver  of  the  system  and  not  the  sensor.  Insulation  added  to 
the  bellows  surface  did  slow  down  the  angular  movement  speed.  The 
sensor,  when  exposed  with  no  cover,  always  started  the  angular  displace¬ 
ment;  but,  once  motion  was  started,  the  heat  from  the  environment  would 
push  the  sensor  the  rest  of  the  way,  ahead  of  the  sun.  It  was  concluded 
that  the  sensor  was  simply  too  small  for  the  large  bellows,  especially 
with  no  bellows  environmental  compensator. 

To  determine  the  sensor's  solar-heat  input,  the  sensor  bulb  was 
filled  with  water  and  its  temperature  rise  monitored  for  a  fixed  angular 
position.  The  position  was  50  degrees  from  vertical  in  the  eastward 
direction.  Figure  11  shows  the  sensor  bulb's  temperature  rise  as  a 
function  of  time.  It  is  important  to  note  that  the  unpainted  metal 
plates  permitted  considerable  reflective  solar-heat  input  to  the  bulb. 


As  a  result,  the  bulb  temperature  started  to  rise  with  an  angle  error  of 
more  than  3  degrees  (4  minutes  per  degree)  rather  than  one-half  of  1 
degree  as  expected.  It  is  recommended,  therefore,  that  the  parallel 
plates  be  coated  with  anti-reflective  ridges,  as  shown  in  Figure  4.  The 
weights  of  the  sensor  tube  and  water  were  measured  and  these  quantities 
multiplied  by  their  respective  specific  heats  and  temperature  change. 
Thus,  the  Q  input  was  determined  to  be  a  maximum  of  0.048  Btu/min  (50.7 
joules/min).  To  raise  the  5.5  pound  (2.5  kg)  brass  bellows  just  1°F 
(0.56°C)  requires  more  than  0.49  Btu  (517  joules).  Although  the  real 
purpose  of  the  model  was  to  demonstrate  the  sensor's  high  sensitivity, 
it  was  fully  expected  that  the  system  would  accurately  track  the  sun. 
However,  in  the  first  attempt  the  system  simply  did  not  work  as  planned. 
Again,  it  was  concluded  that  the  sensor  was  simply  too  small  for  the 
large  bellows  of  the  model  fabricated. 


Economic  Analysis 


For  the  Navy  to  compare  quantitatively  all  the  energy  research  and 
development  projects  and  to  determine  economically  the  funding  priorities, 
CEL  believes  a  uniform  life  cycle  cost  approach  is  essential  for  all  the 
proposed  projects.  The  ingredients  for  life  cycle  cost  analysis  are  the 
capital  investment  for  the  installation,  annual  operating  and  maintenance 
(0&M)  costs,  and  the  economic  life  of  a  product.  The  capital  and  operating 
costs  are  estimated  in  as  much  detail  as  necessary  to  develop  concepts 
and  designs  to  minimize  product  cost  requirements  as  well  as  to  meet 
operational  needs.  Because  the  Navy  currently  has  no  need  to  develop  a 
more  economical  device  for  tracking  the  sun,  a  comparison  of  the  proposed 
tracker  with  a  currently  available  tracker  is  not  appropriate.  Generation 
of  steam  via  a  solar-powered  boiler,  if  found  more  economical  than  a 
coal-fired  boiler  currently  used  by  the  Navy,  would  justify  development 
of  the  proposed  solar  tracker. 

To  conform  to  the  Navy  philosophy  given  in  Reference  2,  present 
value  life  cycle  cost  is  used.  For  the  case  where  the  energy  output  of 
the  proposed  unit  is  constant,  such  as  with  a  solar  energy  boiler,  the 
following  equation  applies. 


O&Mn 


total  present  worth  based  on  annual  life  cycle  cost 
$/mBtu 

capital  investment  for  major  facility  components,  $ 

annual  energy  output  of  the  device,  mBtu 

present  worth  factor  for  nth  year  (Table  B 
of  Appendix  D  in  Reference  2) 


=  level ized  fuel  cost  to  operate  the  product  proposed 
(zero  for  the  solar  tracking  system) 

Cnru  =  annual  O&M  cost  of  major  facility  components 
Uann 

It  is  important  to  note  that  Equation  4  is  normalized  per  unit  energy 
output  of  the  device  because  the  cutnu lat i ve-energy/present -worth  method 
will  yield  cost  figures  comparable  to  those  from  the  utility  anil  manu¬ 
facturing  industries  (Kef  3). 

The  following  capital  cost  contribution  is  determined  for  a  single 
two-axis  reflector  having  a  reflective  surface  area  of  10  sq  ft  (0.93  sq  in) 
(see  Figure  12  for  illustration).  For  this  analysis,  the  solar  boiler 
and  its  steam  distribution  system  costs  are  assumed  to  be  the  same  as 
those  for  the  currently  available  coal-fired  systems.  The  sum  total 
cost  for  energy  output  for  a  coal-fired  system  (coal  handling,  ash 
disposal,  particulate  control,  and  sulfur  control  equipment,  plus  their 
construction  and  setup  cost)  is  compared  to  the  cost  per  unit  energy 
output*  of  a  solar  reflector  system.  In  other  words,  the  costs  for  the 
boiler  system  as  well  as  the  ultimate  use  -  steam  heating  or  electricity 
are  assumed  to  be  the  same  for  either  system. 

The  annual  usable  energy  output  (i.e.,  available  at  the  boiler  for 
generation  of  steam)  is  estimated  as  follows: 
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56%  (10%  loss  to  clouds,  30%  reflection  loss  and  10% 
absorption  loss  at  the  boiler) 

-4  2 

2.25x10  mBtu/hr-ft  ,  solar  energy  available  at  the 
earth's  surface  (2.56  mj/hr  sq  m) 

2,190  hr/yr  (6  hr/day  at  365  day/yr) 

10  sq  ft,  reflector  surface  area  (0.93  sq  m) 


1  =  $1,255  (see  Table  1) 


The  annual  capital  cost  contribution  would  then  be 
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$1,255 


(7.98)(0.56)/2.25xl0~4--— ' L-y\ 
\  hr  ft  / 


/2W0_hr\  2 

\  year  / 

=  $57/mBtu  ($0 . 054/mj ) 


where  7.98  is  the  present  worth  factor  at  10%  discount  for  a  15-yeai 
period  (the  expected  life  of  the  solar  reflector  and  tracker  unit). 


*This  is  based  on  the  Btu's  available  to  the  boiler. 


The  O&M  costs  are  assumed  to  be  $1.50  for  labor  and  $0.10  for 
solution  to  clean  the  reflector  each  year.  Required  spare  parts  and 
needed  maintenance  labor  costs  are  assumed  to  total  $10/reflector/year . 
The  resulting  total  annual  life  cycle  cost  for  just  the  reflector  system 
would  be 
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$57  +  $11.6 

mBtu  mBtu 


$68.6 

mBtu 


($0 . 065/mj ) 


The  annual  life  cycle  cost  of  an  equivalent  central  coal-fired 
steam  plant  including  all  the  related  cost  such  as  fuel  handling,  pollu¬ 
tion  equipment,  and  a  5%  differential  coal  escalation  rate,  is  $4.67/mBtu 
($0.0044/mj)  (Ref  4).  This  cost  also  includes  the  boiler  and  its  steam 
distribution  system,  which  were  not  included  in  the  solar  system. 
Obviously,  it  would  appear  that  construction  of  a  solar  steam  generator 
plant  for  immediate  Navy  use  would  not  be  a  profitable  venture  at  the 
present  time.  This  is  not  to  say  that  solar  steam  generation  should  not 
be  undergoing  research  at  the  present  time,  however.  Supply  and  demand 
will  push  the  cost  of  coal  continually  upward,  and  development  of  new, 
reliable  hardware  is  a  time-consuming  process. 


CONCLUSIONS 

1.  Although  no  working  model  was  produced  to  verify  the  concept  of  a 
workable,  accurate,  solar  tracker,  the  analysis  presented  is  believed  to 
be  adequate  proof  that  the  concept  is  a  viable  system  for  accurately 
repositioning  a  solar  concentrator. 

2.  Similarly,  it  is  believed  that  once  the  concept  is  proved  workable 
and  accurate,  the  device  should  also  prove  highly  reliable  because  of 
its  simplicity. 

3.  The  economic  analysis  indicated  that  currently  a  solar  steam  boiler 
would  not  be  an  economical  system;  however,  because  present  energy¬ 
converting  equipment  use  limited  resources  that  add  costly  pollutants  to 
the  environment,  it  is  very  unlikely  a  solar  boiler  for  a  solar  tracking 
system  will  remain  uneconomical  for  long. 


RECOMMENDATIONS 

It  is  recommended  that 

1.  More  detailed  analytical  analysis  of  the  two  new  concepts  be  completed. 

2.  One  model  of  each  concept  be  constructed,  instrumented  and  tested  to 
verify  the  concept  and  analysis. 

3.  The  combined  results  be  published  and  made  available  for  commercial 
development . 
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Table  1.  Capital  Cost  for  a  Two-Axis  Solar  Reflector 
With  100-Square-Foot  Surface  Area 


Item  Cost  ($ ) 

Research  ami  Development  Design  50 

Setup  100 

Reflector  Frame  400 

Two-Axis  Trackers  600 

Foundation  50 

Mylar  Reflector  ($0.l5/sq  ft)  15 

Land  Procurement  40* 

TOTAL  1 , 255 


*250  reflectors/acre  at  $10, 000/acre. 
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Figure  2.  End  view  of  the  Farber  sensor  bulb 
showing  unequal  shading  system. 


environmental  compensator  bellows 
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parabolic  reflector 


Figure  3.  Schematic  view  of  proposed  solar  tracking  device 


Figure  4.  Parallel-plate  sensor  seen  through 
view  A- A  in  Figure  3. 


Figure  6.  Differential  solar  energy  input  for  the 
error  angle  between  the  solar  incident 
rays  and  the  trough  reflector  axis. 


Figure  7.  Exppr  impntfll  mo  dpi  of  p<iral  1p1  *pl^tp  sensor 


Figure  8.  Experimental  model  with  the 
bellows  sun  cover  removed. 


Figure  9.  Close-up  view  of  the  bellows  used  for 
the  experimental  model  of  the 
parallel-plate  sensor. 


LIST  OF  SYMBOLS 


System’s  equivalent  exposure  area  to  heat  loss,  sq  ft  (sq  m) 
Reflector  surface  area,  sq  ft  (sq  m) 

Larger  solar  exposed  width  of  collector  tube,  ft  (m) 

Smaller  solar  exposed  width  of  collector  tube,  ft  (m) 

Levelized  fuel  cost  to  operate  the  product  proposed,  $ 

Annual  O&M  cost  of  major  facility  components,  $ 

Equivalent  heat  absorbed  into  the  system,  Btu  (joule) 

Specific  heat  of  sensor  tube  material,  Btu/lb-°F  (joule/kg  °K) 
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Specific  heat  of  the  cylinders  and  piston  material 
(joule/kg  °C) 


Total  present  worth  based  on  annual  life  cycle  cost,  $/mBtu 
($/joule) 

Annual  energy  output  of  the  device,  mBtu  (joule) 

Solar  energy  available  at  the  earth's  surface,  Btu/sq  ft  hr 
(joule/sq  m  hr) 

View  factor 

Focal  length  of  the  trough's  reflector,  ft  (m) 

System's  average  heat-loss  convection  coefficient, 

Btu/hr-sq  ft-°F  (watts/sq  m  °K) 

Working  liquid  fluid  enthalpy,  Btu/lb  (joule/kg) 

Heat  of  vaporization  of  the  working  fluid,  Btu/lb  (joule/kg) 

Working  gas  fluid  enthalpy,  Btu/lb  (joule/kg) 

Capital  investment  for  major  facility  components,  $ 

Mechanical  equivalent  of  heat,  778  ft-lb/Btu  (1  Nm/joule) 

Collector  tube  length,  ft  (m) 

Economic  life,  yr 

Present  worth  factor  for  nth  year 

Differential  solar  energy  input  to  the  sensor  tubes, 

Btu  (joule) 

Energy  lost  through  convection,  Btu  (joule) 

Collector  tube  radius,  ft  (m) 


Solar  tracker  operating  time  per  year,  hr/yr 
Collector  lube  surface  temperature,  °R  (°K) 

Equivalent  temperature  of  the  solar  radiation,  °R  (°K) 
Resisting  frictional  torque  of  the  trough,  ft-lb  (Nm) 

Distance  from  sun  shade  to  center  of  collector  tube,  ft  (m) 
Work  available  to  rotate  device,  ft-lb  (Nm) 

Weight  of  sensor  tubes,  lb  (kg) 

Weight  of  the  cylinders  and  pistons  in  contact  with  the 
working  fluid,  lb  (kg) 

Weight  of  working  fluid,  lb  (kg) 

Weight  of  working  fluid  evaporated,  lb  (kg) 

Weight  of  working  fluid  in  gas  phase,  lb  (kg) 

Required  angle  the  trough  must  rotate  in  the  At  time  period 
to  track  the  sun's  movement 

Change  in  enthalpy  of  working  fluid,  Btu/lb  (joule/kg) 

Change  in  enthalpy  of  working  fluid  in  gas  phase,  Btu/lb 
(joule/ kg) 

Average  change  of  temperature  of  the  complete  system  including 
sensor  tube,  cylinders,  pistons,  and  working  fluid,  °F  (°C) 

Time  period  of  analysis,  hr 

Kmissivity  of  collector  tube 

Energy  conversion  efficiency,  % 

Angle  of  solar  tracker  from  vertical 

Stefan-Bolt zmann  universal .constant  lor  blackrbody 
radiation,  Btu/sq  ft  hr  °R  (joule/sq  m  hr  °K  ) 
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ROICC.  Contracts.  Crane  IN 

NAN  I- ACI-NC.COM  PAC  DIV  tkyilt  ode  101.  Pearl  Harbor.  HI;  Code  2014  (Ml  l.iam).  Pearl  Harhoi  HI.  Code 
102.  RDIiStl-.  Pearl  Harhoi  HI.  Commander.  Pearl  Harhoi.  HI 
N  NVI  At  I  NtiCOM  SOl  l  ll  DIV  Code  HI.  RDI&I  I  ().  Charleston  SC 

NAVI  At  I  Ntil  t>M  WISI  DIN  102.112.  AROICC.  Contracts.  Iwentynine  Palms  CA.  Code  04B  Sail  Bruno.  CA; 

OOP/ 20  San  Bruno.  CA;  RDIAI  I  O  Code  2011  San  Bruno.  CA 
NAVI  At  I  NtiCOM  CONI  R  At  I  AROICC.  Point  Mugu  CA;  AROICC.  Quanlico.  V.A;  t  ode  05.  IRIDINI . 
Bremerton  W  A.  Code  INI  .  I  RIDI  N  I .  Bremerton  W  A.  Dir.  I  ng.  I)i\  .  I  xmouth,  Australia;  I  ngDivdu. 
Southwest  Pac.  Manila.  PI.  OK  C.  Southwest  Pac.  Manila.  PI;  OICC.  ROICC.  Balboa  Canal  /one;  ROICC  (I  CDR 
J.ti  I  ecch).  Subic  Bay.  R  P  .  ROICC  Ah  (iuam;  ROICC  I  ANT  DIV  .  Norfolk  V.A.  ROICC  Off  Point  Mugu.  (  A; 
ROICC.  keflavtk.  Iceland.  ROICC.  Pacific.  San  Bruno  CA 
NAVHOSP  I  I  R  l  lshernd.  Puerto  Rico 
NAVNCPWRC  Ml  SI  Dl  1  Code  NPU  '0  Port  Hueneme.  CA 
NAVtX  I  ANO  Code  IMH)  Bav  St  I  omx.  MS 

N AN t X  I  ANSYSt T  N  Code  400  (D.  ti.  Moore).  San  Diego  CA;  Code  52  (II.  lalkinglon)  San  Diego  (  A;  Code  '224 
tR  Jones)  San  Diego  CA;  (  ode  h5h'  (Teeh.  I  ih  ).  San  Diego  t'.A.  Code  6700.  San  Diego.  CA.  t  ode  7' 1 1  (PW ( )) 

Sail  Diego.  CA.  SCI  (Code  66IMI).  San  Diego  CA 
NAVORDSTA  PWO.  I  omxville  kN 
NAVPI  roi  l  Code  Alexandria  VA 
NAVPfiSCOl  I  I hornton.  Monterey  CA 

NAVPIIIBASI  CO.  At  B  2  Norfolk.  V.A;  Code  S'l .  Norfolk  VA 
NAVRADRI  (  I  At  PWO.  kami  Seva  Japan 

NAVRI  (iMl  IX'l  N  Chief  of  Police.  Camp  Pendleton  CA;  PWO  Newport  Rl.  PWO  Portsmouth.  V  A;  SCI  (D  kavcl; 

SCI  tl  t  DR  If  I  1  hurstonl,  San  Die  go  CA.  SCI  .  Camp  Pendleton  CA;  SCI  .  tiuam 
NAVSt Ol  t  l  toi  l  ("  Port  Hueneme.  CA;  CO.  Code  C44A  Port  Hueneme.  CA 
NAVSI  ASYSt  DM  Code  f).'25.  Program  Mgr.  Washington.  IH';  Code  SI- A  OOC  Washington.  IH' 

NAVSI  CCrRUACr  PWO.  Adak  AK;  PWO.  I  d/ell  Scotland;  PWO.  Puerto  Rico;  PWO,  Torn  Sta.  Okinawa 
NAVSHIPRI  PI  AC  SCI  Subic  Bay 

NAVSHIPYD;  Code  202.4.  I  ong  Beach  CA;  Code  202.5  (I  ibrary)  Puget  Sound.  Bremerton  W  A;  t  ode  '80, 

(WixHlroff)  Norfolk.  Portsmouth,  VA.  Code  4(8).  Puget  Sound;  Code  400.05  I  ong  Beach.  CA;  Code  404(1.1  J. 
Riccio).  Norfolk.  Portsmouth  VA;  Code  410,  Mare  Is  .  Vallejo  CA;  Code  440  Portsmouth  Nil,  Code  440.  Norfolk; 
Code  440.  Puget  Sound.  Bremerton  WA;  Code  440  4.  Charleston  SC.  Code  450,  Charleston  SC;  Code  45'tDlil. 
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Supt  >,  Valletof  A;  I  I)  Vivian.  I  ibrary.  Portsmouth  Nil,  HWD  (Code  4110 1,  Philadelphia  HA.  HWO.  Marc  I' 

PWO.  Puget  Sound.  St ' I  Hcarl  H.uboi  III.  li-ch  I  ibrary,  Vallejo.  (  A 
NAVSl  A  l  O  Naval  Station.  Mayporl  IT  .  CO  KihiscvcIi  Roads  HR  Puerto  Rico.  Dll  Mech  I  ngr,  Glnio;  I  nyr*  Dii  . 
Kola  Spain,  Maim  Coni  Du  .  tiiianlaiumo  Bay  t'uKi;  Main!  Du  DnCodc  Ml.  KiHlman  Canal  /one;  HWO 
Midway  Island.  HWO.  Keflavik  Icelaiul;  HWO.  May  port  I  I  KOICC.  Kola  Spam;  St  I  .  Guam;  St  I  .  Sail  Diego 
CA,  Ml.  Subic  Bay,  R  H  .  Utilities  I  ngi  Off  (I  Uli  A  S  Kilchie),  Kola  Spam 
NAVSUBASI  I  NS  s  | We.  Cirolon.  (  I  SCE.  Hearl  llaibor  III 

NAV  Sl  HRAr I  CO.  Biookly  II  NV  .  CO.  Seattle  W  A.  Code  4.  12  Marine  Corps  Disl.  1 1 ensure  Is  .  San  liancisco  CA. 

Cixle  411.  Seattle  WA.  I  I  Jt  ■  McGurrah.  Sit',  Vallejo.  CA;  I'lan  I  ngi  Div..  Naples  Italy 
NAVSURI  WHNCI  N  HWO.  While  Oak.  Silset  Spnng.  Ml) 

NAV  II  CHIRAC!  N  SCI  .  Pensacola  I  I 

NAVWHNCEN  l  ode  2Mh  t \N  Bonner).  China  I  ake  CA.  HWO  (Code  2h>.  China  l  ake  CA.  KOICC  (Cixle  702).  China 
l  ake  CA 

N  WWHNSI  A  HW  Office  (Code  (WCI )  Yorktown.  VA 

NAVWHNSIA  (Clehakl  Colls  Neck.  NJ.  Code  l»2.  Colls  Neck  NJ;  Code  IW2A  (C.  Fredericks)  Seal  Beach  CA.  Maim 
Control  On  .  Yorktown  VA;  HWO.  Seal  Beach  CA 
NAVWHNSUPHCEN  Code  IN  Crane  IN 
NCBII  40'  OIC.  San  Diego.  CA 

NCBC  I  I  I  AOIC  Horl  lliicneme  CA.  Code  10  Davisvllle.  Kl.  Code  I".  Hon  Huenenie  CA.  Code  I'h.  Horl  Hucneine. 

CA;  Ciide  400.  Gulfport  MS.  HW  I  ngig.  Gulfport  MS.  HWO  (Code  80)  Hurt  Huenenie.  CA;  HWO.  Davisvillc  Kl 
NCBC  41 1  OIC.  Norfolk  V  A 
N<  K  20.  Commander 
Nl  SO  BAHRAIN  Security  Offr.  Bahrain 

NMCB  Operations  Dept  ;  74,  CO;  Forty.  CO;  THREE.  Operations  Off 
NOAA  l  ibrary  Rockville.  MD 

NOR  DA  Code  410  Bay  Si  l.ouis.  MS.  Code  440  (Ocean  Ksch  Off)  Bay  Si.  Corns  MS 
NKI  Code  8441  (R  A.  Skopl.  Washington  IX' 

NSC  Code  '4  1  (Wynne).  Norfolk  VA 
NSDSCE,  Subic  Bay.  R  H 

N  I'C  Commando  Oi  lando,  I  I  .  t  )ICC.  CBC-401 ,  Great  I  .ikes  II 

NCSC  Code  141  New  I  ondon.  Cl;  Code  E  A 1 24  (R.S.  Munn).  New  I  ondon  Cl;  Code  SB  "I  (Brown).  Newpoi  I  Rl. 

Code  I  A 1 41  (ti.  IV  la  Cru/).  New  I  ondon  CT 
(K'l  ANAV  Mangmi  Info  Div  .  Arlington  VA 
OCI  ANSYSI  ant  Cl  A  K  Giancola.  Norfolk  VA 

Oi  l  It  I  Sl-t  Kl  I  ARV  OI  Dl  I  CNSI  OASD  (MRA&C)  Pentagon  (T.  Casbergl.  Washington.  DC 
ONR  BKOI  I  .  CO  Boston  MA;  Code  481.  Ailmgton  VA;  Code  481.  Bay  Si  l.ouis.  MS.  Code  7001  Arlington  VA;  Di 
A  I  aufer.  Pasadena  CA 
HACMISRANI  AC  CO.  Kekaha  HI 
I’HIBCB  I  HM  .  Coronado,  CA 

I’M  I  t'  Cixle  42' t  >.  Point  Mugu.  CA;  Hat.  Counsel.  Point  Mugu  CA 

HWC  ACC  ( If  five  (I  I JG  St.  Germain)  Norfolk  VA;  CO  Norfolk.  VA;  CO.  Great  Cakes  II  ;  CO,  Oakland  CA;  Code 
120.  Oakland  CA;  Code  I20C  (l  ibrary  )  San  Diego.  CA;  Code  128,  Guam;  Code  2(H),  Great  l  akes  II  ;  Code  220 
Oakland.  CA;  Code  220.1.  Norfolk  VA.  Code  40C  Squier.  San  Diego.  CA;  Covle  40  (C.  Rollon)  Pensacola.  I  I  ; 
Code  400.  Pearl  Harbor .  HI.  Code  4(8),  San  Diego.  CA;  Code  42B  (R  PuM.ua),  Pearl  Harbor  III;  Code  '0'A  (II. 
Wheeler);  Code  M0,  San  Diego  Ca;  OIC  t  BC  404,  San  Diego  C'A;  Utilities  Officer.  Guam;  XO  Oakland.  CA 
SPCC  HWO  (Cixle  120)  Mechanicsburg  HA 

l)  S  Ml  K(  HAN  I  MARINI  ACADEMY  Kings  Point.  NY  (Reprint  Custodian) 

VIS  NAVA1.  FORCES  Korea  (ENJ-P&O) 

CSCG  (G  I  CV/M  i  (Burkhart)  Washington.  IX'.  ti-EOE-4/M  (T.  Dowd).  Washington  IX' 

UStXi  KdrD  CENTER  CO  Groton.  CT;  I).  Molherway.  Groton  C  l 
IISDA  l  ores)  Service.  Bowers,  Atlanta.  GA 

CSNA  Ch.  Mech.  I  ngr.  Dept  Annapolis  MD;  (Veanography  IKpt  (Hoffman)  Annapolis  MD;  HWD  I  ngr  Div.  (C 
Bradford)  Annapolis  MD 

AMERICAN  UNIVERSITY  Washington  IX' (M.  Norton) 

CAI  II  ORNIA  INS  IT  TUTE  OF  TECHNOI  (XiY  Pasadena  CA  (Keek  Ref  Rm) 

CORN  El  I  UNIVERSITY  Ithaca  NY  (Serial*  Dept.  Engr  lib.) 

DAMES  A  MtXIRI-  I  IBRARY  EOS  ANGEI.ES,  CA 
DUKE  UNIV  MI  DICAI  CENTER  B.  Mugu.  Durham  NC 
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FLORIDA  All  ANTIC  UNIVERSITY  Boca  Ralon  FI.  (W.  Tessin) 

IU.INOIS  STATE  GF:0.  SURVEY  Urbana  II. 

EEHIGH  UNIVERSITY  Belhlehcm  FA  (Linderman  l  ib  No. 30.  Flecksieiner) 

I  I  HR  ARY  OF  CONGRESS  WASHINGTON.  DC  (SCIENCES  &  TECH  l)IV» 

LOUISIANA  l)IV  NATURAL  RESOURCES  &  ENERGY  Dept,  of  Conservation.  Baton  Rouge  LA 
MAINE  MARITIME  ACADEMY  (Wyman) Castine  ME 

MIT  Cambridge  MA;  Cambridge  MA  (Rm  10-500.  Tech.  Reports.  Engr.  Lib  );  Cambridge.  MA  (H.ulem.cn) 

NATL  ACADEMY  OF  ENG.  ALEXANDRIA.  VA  (SEARLE.  JR  ) 

NEW  MEXICO  SOLAR  ENERGY  INST.  Dr.  Zwibel  Las  Cruces  NM 
NY  CITY  COMMUNITY  COLLEGE  BROOKLYN.  NY  (LIBRARY) 

PENNSYLVANIA  STATE  UNIVERSITY  Stale  College  PA  (Applied  Rsch  Lab) 

PURDUE  UNIVERSITY  Lafayette.  IN  (CE  Engr  Lib) 

CONNECTICUT  Hartford  CT  (Dept  of  Plan.  &  Energy  Policy) 

SCRIPPS  INSTITUTE  OF  OCEANOGRAPHY  San  Diego.  CA  (Marina  Phy.  Lab.  Spiess) 

SOUT  HW  EST  RSCH  INST  King.  San  Antonio.  TX:  R.  DeHart.  San  Antonio  TX 

TEXAS  A&M  UNIVERSITY  College  Station  TX  (CE  Dept.  Herbich);  W.B.  Ledbetter  College  Station.  TX 
UNIVERSITY  OF  CALIFORNIA  BERKELEY.  CA  (CE  DEPT.  GERWICK);  Berkeley  CA  (E.  Pearson);  SAN 
DIEGO.  CA.  LA  JOLLA.  CA  (SEROCKI) 

UNIVERSITY  OF  DELAWARE  Newark.  DE  (Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  ILLINOIS  Metz  Ref  Rm.  Urbana  IL;  URBANA.  IL  (LIBRARY) 

UNIVERSIT  Y  OF  MASSACHUSETTS  (Heronemus).  Amherst  MA  CE  Depi 
UNIVERSITY  OF  MICHIGAN  Ann  Arbor  Ml  (Richart) 

UNIVERSITY  OF  NEBRASKA-1. INCOl.N  Lincoln.  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSITY  OF  RHODE  ISLAND  KINGSTON.  Rl  (PA7.IS):  Narragansett  Rl  (Pell  Marine  Sci.  Lib.) 
UNIVERSITY  OF  TEXAS  Inst.  Marine  Sei  (Library).  Port  Arkansas  TX 

UNIVERSITY  OF  WASHINGTON  Depi  of  Civil  Engr  (Dr  Mattock).  Seattle  WA;  SEATTLE.  WA  (APPLIED 
PHYSICS  LAB);  SEATTLE.  WA  (OCEAN  ENG  RSCH  LAB.  GRAY);  Seattle  WA  (E.  Linger) 

UNIVERSITY  OF  WISCONSIN  Milwaukee  Wl  (Ctr  of  Great  Lakes  Studies) 

URS  RESEARCH  CO.  LIBRARY  SAN  MATEO.  CA 

AMETEK  Offshore  Res.  &  Engr  Div 

AMSCO  Dr.  R.  McCoy,  Erie.  PA 

ARCAIR  CO.  D.  Young.  Lancaster  OH 

ARVIDGRANT  OLYMPIA.  WA 

ATLANTIC  RICHFIELD  CO.  DALLAS.  TX  (SMITH) 

AUSTRALIA  Dept.  PW  (A.  Hicks).  Melbourne 
AWWARSCH  FOUNDATION  R  Heaton.  Denver  CO 
BECHTEL  C'ORP.  SAN  FRANCISCO.  CA  (PHELPS) 

BELGIUM  HAECON,  N.V..  Gem 

BROWN  &  CALDWELL  F.  M  Saunders  Walnut  Creek.  CA 

CANADA  Mem  Univ  Newfoundland  (Chari).  St  Johns;  Surveyor.  Nenningcr  &  Chenevert  Inc..  Montreal:  Trans-Mnt 
Oil  Pipe  Lone  Corp.  Vancouver.  BC  Canada 
CHEVRON  OIL  FIELD  RESEARCH  CO.  LA  HABRA.  CA  (BROOKS) 

COLUMBIA  GULF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

CONCRETE  TECHNOLOGY  CORP.  TACOMA.  WA  (ANDERSON) 

DILLINGHAM  PRECAST  F.  McHale.  Honolulu  HI 
DRAVOC'ORP  Pittsburgh  PA  (Wrighl) 

DURLACH.  O'NEAL.  JENKINS  &  ASSOC.  Columbia  SC 
EVALUATION  ASSOC.  INC  KING  OF  PRUSSIA.  PA  (FEDELE) 

EXXON  PRODUCTION  RESEARCH  CO  Houston  TX  (A  Butler  Jr) 

FORD.  BACON  &  DAVIS.  INC.  New  York  (Library) 

GI.IDDEN  CO.  STRONGSVILLE.  OH  (RSCH  LIB) 

GRUMMAN  AEROSPACE  CORP.  Bethpage  NY  (Tech.  Info.  Ctr) 

HUGHES  AIRCRAFT  Culver  City  CA  (Tech.  Doc.  Ctr) 

JAMES  CO.  R.  Girdley.  Orlando  FL 

I.AMONT- DOHERTY  GEOLOGICAL  OBSERV.  Palisades  NY  (Selwyn) 

LfXTKHEED  MISSILES  &  SPACE  CO.  INC.  L.  Trimble.  Sunnyvale  CA;  Mgr  Naval  Arch  &  Mar  Eng  Sunnyvale. 

CA:  Sunnyvale  CA  (Rynewicz);  Sunnysale.  CA  (K.L.  Kerr) 

MARATHON  OIL  CO  Houston  TX 
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MCDONNI  I  NIRCRAI  I  (O  IV pi  Mil  iK  II  layman).  Si  I  mils  MO 
MOH  Al  l  A  MI  IIOI  INOINlIRSiR  Rainier)  I  on*  Reach.  I  A 
NORWAY  I  l  oss.  Oslo 

OCI  AN  Rl  SOI  RCI  I  NI!  INI  HOUSTON.  IX  lANDIRSON) 

RACII  1C  MARINI  IIT  HNOl  OCiY  I  on*  Beach.  (  A  (Wagner) 

ROR  IRANI)  Cl  MI  NI  ASStH  SK.OKII  .  II  (COR l  I  N 

RAYMOND  INTI  RNA I  ION Al  INC  I  Colic  Soil  lech  IVpl.  Rennsauken.  NJ 

Sill  I  I  Oil  CO.  Houston  IX  iR  ile  Casiongrcne) 

IRW  SNSII  MS  IT  I  VII  AND.  Oil  (I  NO  l  IB  ) 

CNIII  D  KINODOM  D  Ness,  li  Maunscll  A  I’uilncrs.  1  oinlon;  J  Derrington.  I  oinlon 
Wl  SHNOHOCSI  I  l  K  IRK  CORR  Annapolis  MDKVeanie  Do  l  ib.  Bryan) 

WISS.  JANNI  Y.  I  l  SINI-R.  A  ASSOC  Northbrook.  II.  ID  W  Rfciler) 

BRAH I  /  l  a  Jolla.  CA 

BRN  ANT  ROSI  Johnson  Do  .  I  OR.  (ilendora  CA 

BIT  I  (K  K  I  a  Canada 

I  AY  ION  Redmond.  WA 

CART  MURRHN  Sunnyvale.  CA 

R  l  BI  SII  R  Old  S.o  brook  CT 

1  W  Ml  KMIT  Washington  IK 

CRC  Rartsi.  Anthoto  M  .  l.l 


